ABSTRACT: A large-scale study of early juvenile blue crab Callinectes sapidus recruitment within a shallow, predominantly wind-driven estuarine system demonstrated that distribution and abundance patterns were jointly influenced by location from oceanic sources of postlarvae, time period, habitat type, and post-settlement planktonic dispersal. The Croatan-Albemarle-Pamlico Estuarine System (CAPES) in North Carolina, USA, is a lagoonal body of water that is separated from the Atlantic Ocean by a chain of barrier islands, which are bisected by Oregon, Hatteras, and Ocracoke Inlets. For sampling purposes, the CAPES was divided into 4 regions that differed in distance and orientation from oceanic sources of postlarvae, as well as available complex benthic habitat types. The Eastern region was closest to oceanic waters, contained 3 major inlets, and harbored extensive seagrass beds. The Northern and Western regions were located along the inland boundary of the CAPES, and contained alternative habitat types including the submersed rooted vascular plant Myriophyllum spicatum and shallow detrital habitats. The Southern region was inshore and contained patchy seagrass. During a period that lacked storm events, virtually all juvenile recruitment occurred within seagrass beds at the Eastern region. Conversely, early juvenile blue crabs were distributed widely throughout the CAPES after the passage of tropical cyclones. The Eastern region appears to act as a relatively consistent initial recruitment site, whereas Northern and Western regions of the CAPES may act as episodic recruitment areas after the passage of tropical cyclones. Similar densities of early juveniles were found in different complex benthic habitats (seagrass, shallow detrital habitat, M. spicatum). A comparison of site-specific, settler-recruit densities (which represent distinct cohorts) suggested that post-settlement juveniles dispersed planktonically throughout the CAPES, most likely due to stormdriven transport. Post-settlement, planktonic dispersal altered the settler-recruit relationship, by both masking and potentially enhancing a density-dependent relationship between settlers and recruits. This study illustrates that ecological processes influencing recruitment, such as post-settlement dispersal, may be missed when studied at relatively small spatial scales, and that our interpretation of population regulation can vary depending on the scale of study. Studies conducted over broad spatial scales can provide a more complete understanding of recruitment dynamics and can elucidate the interconnectedness of subpopulations by identifying potential 'source' areas in species with open populations.
INTRODUCTION
A fundamental issue in ecology is to understand the linkages between ecological patterns and processes occurring at different spatial and temporal scales (Roughgarden et al. 1988) . Because marine species with complex life cycles (i.e., species with 2 or more life stages occupying spatially distinct habitats) possess dispersive stages that interconnect subpopulations, many marine populations are likely to occupy 'source' and 'sink' habitats (Pulliam 1988) . 'Source' habitats or areas consistently harbor high densities, and emigration from these areas is crucial in sustaining the regional population, whereas 'sinks' contain populations which cannot persist without input from source areas (Pulliam 1988 ). This conceptual approach for examining population dynamics emphasizes the need to examine recruitment over broad spatial and fine temporal scales to understand linkages between regions of varying recruitment and habitat quality.
Recruitment of marine species with complex life cycles is typically influenced by a combination of physical and biological factors acting upon the early developmental stages. Much of the work concerning spatiotemporal variability in recruitment in marine systems has focused on either sessile invertebrates residing on hard substrata (Connell 1985 , Gaines et al. 1985 , Roughgarden et al. 1988 , Gaines & Bertness 1992 , review by Booth & Brosnan 1995 , or coral reef fishes (Victor 1986 , Planes et al. 1993 , Doherty & Fowler 1994 , review in Booth & Brosnan 1995 ; however, there is a growing body of information on recruitment within soft-substrate systems (review by Olafsson et al. 1994) . Olafsson et al. (1994) suggest that post-settlement processes play a significant role in population regulation within soft-substrate systems, and that larval supply is not the main determinant of animal abundance. Because recruitment is often extremely variable, both spatially and temporally, subsequent abundance patterns are often highly dependent upon the scale at which they are measured. Patterns apparent at one scale can decouple when viewed from other scales (Tolimieri 1995 , Thrush et al. 1997 .
Previous research indicates that postlarval settlement of the blue crab Callinectes sapidus exhibits high spatial and temporal variability within the CroatanAlbemarle-Pamlico Estuarine System (CAPES) in North Carolina (Eggleston et al. unpubl.) . In general, consistently high rates of settlement have been observed within the Eastern region of the estuary, which is nearest to oceanic sources of larvae (Eggleston et al. unpubl.) . The inland (western) region is characterized by periods of virtually no postlarval settlement interrupted by episodic peaks associated with the passage of tropical cyclones. Understanding spatiotemporal recruitment variability in the blue crab is of particular interest because of the commercial and ecological importance of the species.
One of the goals of the present study was to assess the relationship between spatiotemporal variability in postlarval settlement (Eggleston et al. unpubl.) and early juvenile abundance (this study) in the blue crab within the CAPES. In addition, we were interested in how spatial variability in various habitat types influenced spatial patterns of juvenile recruitment. We hypothesized that the Eastern region would be an area of relatively high recruitment of juvenile blue crabs due to consistent postlarval supply and presence of extensive seagrass beds. We also predicted that despite the episodic transport of blue crab postlarvae to Northern and Western region stations within the CAPES due to tropical cyclones, few, if any, early juveniles would be collected due to a lack of seagrass nursery habitat.
Although extensive research on blue crab recruitment dynamics has been conducted in tidally-driven estuarine systems, such as the Chesapeake Bay (e.g., Orth & van Montfrans 1987 , Goodrich et al. 1989 , Olmi 1994 , Pile et al. 1996 and Delaware Bay (e.g., Epifanio et al. 1984) , little information exists on the distribution and abundance of early juvenile blue crabs in relatively shallow, predominantly wind-driven lagoonal systems, such as found in North Carolina, USA (but see Thomas et al. 1990 and Williams et al. 1990 for smaller lagoonal systems in the Gulf of Mexico). Within such a system, the likely dependence of recruitment on stochastic wind forcing, compared with tidally driven systems, could lead to more variability in spatiotemporal distribution and abundance of early juveniles.
In the Chesapeake Bay, the settlement and nursery habitat for blue crabs is primarily seagrass (Heck & Thoman 1981 , Orth & van Montfrans 1987 ; however, other vegetated habitats such as salt marshes may also provide adequate nursery habitat in other areas (Thomas et al. 1990 , Wilson et al. 1990a , review by Zimmerman et al. 2000) . Seagrass is a primary nursery habitat for numerous species of fish and invertebrates throughout the world (reviews in Orth et al. 1984 and Orth 1992) . Nevertheless, with the extensive loss of seagrass in many coastal areas throughout the world, attention has turned to 'alternative' habitats that may provide nursery functions similar to those of seagrass habitats. Structurally complex habitats such as oyster shell (Wells 1961 , Fernandez et al. 1993 , Eggleston & Armstrong 1995 , Eggleston et al. 1998a , Eggleston et al. 1999 , cobble (Wahle & Steneck 1991) , marsh peat reefs (Able et al. 1988) , macroalgae (Wilson et al. 1990a ,b, Dorf & Powell 1997 , and coarse woody debris (Everett & Ruiz 1993 ) provide refuge and support high densities of estuarine macrofauna. Although unstructured shallow areas provide an alternative refuge for blue crabs in estuarine systems lacking seagrass , Dittel et al. 1995 , there is relatively little information on abundance patterns of early juvenile blue crabs in alternative, structurally complex estuarine habitats (but see Wilson et al. 1990a , Everett & Ruiz 1993 , Eggleston et al. 1998a . In this study, we examined how postlarval transport, post-settlement planktonic dispersal, and multiple nursery habitats influenced distribution and abundance patterns of early juvenile blue crabs Callinectes sapidus in North Carolina, USA.
METHODS
Our examination of recruitment dynamics of early juvenile blue crabs focused on 3 main categories of data: (1) spatiotemporal variation in juvenile crab abundance; (2) habitat-specific abundance; and (3) settler-recruit relationships.
Blue crab life-history. Like many marine invertebrates, the blue crab Callinectes sapidus exhibits a complex life cycle. Larvae released by females at bay mouths and inlets are transported to the continental shelf where they develop through 7 to 8 larval stages (van Engel 1958) . Larval development lasts about 1 mo, at which time the larvae metamorphose to a postarva (megalopa) on the nearshore shelf (van Engel 1958 , Epifanio et al. 1984 . Postlarvae are then transported inshore by wind and tidal currents (Epifanio et al. 1984 , Goodrich et al. 1989 . Once postlarvae reinvade the estuaries, they settle into shallow water habitats, and then metamorphose to the first benthic instar stage (J1). In North Carolina, there appears to be 2 seasonal peaks of recruitment -a minor peak in May (S. McKenna, North Carolina Division of Marine Fisheries, pers. comm.) followed by a larger peak from August to November (Eggleston et al. unpubl.) .
Study system and sites. The Croatan-AlbemarlePamlico Estuarine System (CAPES; Fig. 1 ) in North Carolina, is the largest lagoonal system in the United States, and serves as an important nursery and adult habitat for numerous estuarine-dependent species (Ross & Epperly 1985) . This shallow system (mean water depth = 5 m) is separated from the Atlantic Ocean by a series of barrier islands known as the 'Outer Banks'. The CAPES contains 3 major inlets (Oregon, Hatteras, and Ocracoke Inlets), which serve as sources of ocean-spawned larvae. Circulation within the CAPES is predominantly wind-driven; tidal forcing occurs only within 3 to 5 km of the inlets (Pietrafesa & Janowitz 1991, Tom Hopkins, North Carolina State University, pers. comm.) .
The density of early juvenile blue crabs was measured at 9 sites spanning the perimeter of the estuary, which equals approximately 500 km of shoreline within the CAPES (Fig. 1) . Three sampling sites were located adjacent to inlets along the barrier islands: Oregon, Hatteras, and Ocracoke Inlets, and will be periodically referred to as 'Eastern region' stations ( Fig. 1) . Two 'Northern region' stations included Point Harbor and Manns Harbor that were located in Albemarle and Croatan Sounds, respectively (Fig. 1) . Engelhard and Swanquarter comprised the 'Western region' stations and were located along the western shore of Pamlico Sound (Fig. 1) . The 'Southern region' consisted of the Oriental and Cedar Island stations that were located in the southern portion of Pamlico Sound (Fig. 1) . Water depths across the 9 stations range from 0.25 to 1.0 m.
Sampling methodology. Ferguson & Wood (1994) . (Table 1) collected in North Carolina around new moon periods , thus the sampling period was chosen to maximize the chance of detecting peaks of recently settled juveniles (J1-J2). Seagrasses consisted of Zostera marina, Halodule wrightii, and Ruppia maritima. Although SRV is a general term describing all submersed rooted vascular plants (including seagrasses) (Ferguson & Wood 1994) , we distinguish between SRV (primarily Myriophyllum spicatum) and seagrasses based on extreme differences in morphology and growth strategies, as well as occurrence within the CAPES. For example, seagrasses are characterized by thin, 2-dimensional leaves that originate from the substrate surface and are typically 3 to 12 cm in height at our study sites. Seagrass is found in dense beds along the sound-side of the Outer Banks (Eastern region), as well as at Cedar Island within the Southern region ( Fig. 1 ; Ferguson & Wood 1994) . Sparse, isolated patches of seagrass also occur along the Western region and at the Oriental site within the Southern region. In contrast to seagrasses, individual M. spicatum plants extend from the substrate to the surface of the water, often reaching 1.0 to 1.5 m in height, and consist of filamentous leaves that branch off along the main stalk of the plant. M. spicatum is prolific within the oligohaline waters of Albemarle and Currituck Sounds (Fig. 1) . Shallow detrital habitats resemble finely ground peat material with embedded stems and rhizomes of saltmarsh grasses, and occurred in 3 to 8 m bands parallel to the erosional edge of saltmarsh habitats along the western region of the CAPES (Fig. 1 ).
This habitat type can be subtidal to intertidal depending upon wind-driven water levels (L.L.E. pers. obs.). SDH areas appear to be associated with high energy regimes, which cause the exposed edges of a salt marsh to erode, thereby leaving a dense mat of peat and root mass, 1 to 3 cm in vertical relief. Sampling of all 9 sites was conducted within a 5 d period, beginning 3 d after the new moon. Within each site, 6 samples were taken from each of the complex benthic habitats present (SG, SDH, SRV), as well as 2 samples from unstructured bottom. Suction sampling was conducted according to protocols described in Orth & van Montfrans (1987) , which determined the sampling efficiency for this gear type to be 88% in seagrass. Further gear efficiency studies modified the sampling protocol to decrease the sampling area as well as the sampling time (Pile et al. 1996) . Since the shallow detrital habitat and Myriophyllum spicatum are more complex than seagrass, we assumed that the efficiency of capture of juvenile blue crabs within these habitats would be lower, and thus our measures of abundance in SDH and SRV would be conservative.
Sampling was conducted using a suction dredge apparatus with 790 µm mesh collection bags. Sampling rings, which enclosed 1.674 m 2 of the bottom, were haphazardly thrown into a continuous area of a specified habitat. If a continuous area was not available, samples were taken from the interior of the largest patches present. In the case of the SDH, suction samples were taken in very shallow water (~20 cm in depth) parallel to shore. Each sample consisted of 6 min of suctioning, followed by dip-netting until 3 consecutive sweeps contained no decapod crustaceans or fish.
To assess the influence of seagrass characteristics on blue crab abundance, a 7.5 cm diameter core was taken immediately outside of the suction ring for each sample. Vegetated matter was sieved and frozen. Seagrass species were identified in the laboratory and a subsample of 10 leaves was measured and dried at 45°C for 48 h. This procedure provided the following estimates for each sample: (1) above-ground biomass (g per 442 m 2 ); (2) number of short shoots (no. per 442 m 2 ); and (3) average leaf length (mm). Core samples were inappropriate for the SRV Myriophyllum spicatum, due to its extensive vertical height (1.0 to 1.5 m). Instead, a biomass estimate (g) was obtained from the plant matter removed during suctioning, since the suctioning process removed nearly all the plant material from the enclosed area. The biomass of M. spicatum was dried at 45°C for 48 h. As a measure of SDH complexity, the displacement volume of material removed during each suction sample was quantified. Temperature and salinity were recorded concurrently with each month's sampling at all 9 sites. Data The number of suction samples processed within the seagrass category at some sites was reduced to 3, due to extremely low abundances of crabs, as well as low variance among replicates (range of mean ± SE: 0.33 ± 0.33 to 9.33 ± 2.96). This sample processing protocol was also applied to the October SDH samples from Manns Harbor, where total numbers of juveniles were very low, and hence the number of samples processed was also reduced to 3 (mean ± SE: 11.33 ± 0.88). To decrease sample processing time, seagrass sample size was reduced to 5 within sites that contained relatively high densities of juveniles and low variance among replicates (range of mean ± SE: 8.6 ± 0.7 to 138.6 ± 19.1).
Statistical analyses. Spatiotemporal variation in abundance of recent settlers and early recruits: Juvenile instars 1 and 2 (J1-J2) represent recent settlers (0 to 16 d since settlement), instars 3 through 5 (J3-J5) were grouped as early recruits (14 to 46 d since settlement), and instars 6 through 9 (J6-J9) were classified as later recruits (41 to 113 d since settlement) (Tables 2 & 3) . Instar size categories were modeled after Pile et al. (1996) , in which the results from several growth studies were integrated to arrive at non-overlapping size classes for each instar (Table 2) , while time-since-settlement was calculated using the confidence intervals about mean intermolt periods from Millikin & Williams (1980) (Table 3) .
To examine variation in J1-J2 and J3-J5 blue crab densities between sites within the CAPES and over time, we selected the habitat within a given sampling site and month that contained the highest densities of crabs. This method was chosen to compare juvenile recruitment between sites since all habitat types were not represented at every site. Therefore, the calculated site means represent 'peak potential recruitment' to each site throughout the recruitment season. We tested whether or not J1-J2 and J3-J5 blue crabs varied between sites (nine sites) and over time (August, September, October) with 2 separate fixed factor, 2-way ANOVA models. The J6-J9 size class was excluded from this particular analysis due to extremely low numbers at certain sites. Moreover, given that we sometimes observed size-specific differences in habitat use, we used univariate analyses with 2 separate 2-way ANOVA models (J1-J2 and J3-J5), rather than a single multivariate ANOVA model. A fixed-factor model was used because sites were chosen to represent distinct locations within the sound system that differed in terms of their orientation and distance from oceanic sources of postlarvae. The months of August to October were chosen based on previous blue crab recruitment studies, which showed highest postlarval influx during this period , van Montfrans et al. 1995 . Samples taken from different months within the same site can be treated as independent since the location of a particular sample was chosen haphazardly from numerous positions within a large area of available habitat, and juveniles (J1-J2 and J3-J5 instars) would grow out of their instar category before the next month's sampling period. The assumption of homogeneity of variances was tested with Cochran's C-test and resulted in log(x+1) transformation of J1-J2 stages and square root transformation of J3-J5 stages. Means were contrasted with Ryan's Q multiple comparison tests. (Pile et al. 1996) Instar Mean intermolt juvenile stages period in days 1-2 7.2 ± 2.7 (104) 2-3 7.6 ± 3.0 (157) 3-4 8.0 ± 2.5 (157) 4-5 9.2 ± 3.8 (157) 5-6 11.1 ± 4.2 (157) 6-7 12.6 ± 2.8 (157) 7-8 14.7 ± 5.1 (156) 8-9
16.6 ± 4.6 (156) Table 3 . Intermolt periods during early juvenile development of blue crabs reared in the laboratory (Millikin unpubl. results in Millikin & Williams 1980 ). Mean ± SD of the number of days between molt instars during juvenile development. Numbers of crabs sampled for each intermolt period are in parentheses
Habitat-specific abundance patterns: General habitat comparisons of crab abundance. Habitat-specific abundance patterns of J1-J2 and J3-J5 blue crabs were assessed by pooling abundance measures across all sites (except Cedar Island and Oriental) and the months of September and October. Cedar Island and Oriental were removed from this analysis due to a consistent lack of individuals in both size classes at these sites throughout the recruitment season. August was excluded from this analysis because all habitat types were not sampled during this month (Table 1 ; SDH was not sampled). Two separate, 2-way ANOVA models assessed the influence of Habitat type (SG, SDH, SRV, UNST) and Month (September, October) on mean abundance of J1-J2 and J3-J5 blue crabs. Analysis of the J6-J9 class was excluded due to low abundances. Despite multiple transformations, the variances associated with the J1-J2 and J3-J5 size classes remained heteroscedastic (Cochran's C-test). Thus, hypotheses were rejected at alpha values lower than the p value of the test for homogeneity of variance (Underwood 1981 ). Ryan's Q multiple comparison tests identified differences in crab abundance between habitat types.
Comparisons of crab abundance between complex habitats within a site. Engelhard was the only site that contained more than 1 structurally complex habitat (SG and SDH) at the same sampling time. Within this site, the effect of sampling Month (September and October) and Habitat type (SG and SDH) on mean abundance of J1-J2 and J3-J5 instar blue crabs was examined with 2 separate, 2-way ANOVA models. A protected, lower-level ANOVA was used to interpret significant Habitat type × Month interaction effects (see 'Results' below).
Habitat complexity. Analysis of covariance models were used to examine the response of early juvenile crab densities to varying habitat complexity, for 3 separate habitat types: (1) SG; (2) SRV; and (3) SDH. We restricted our analyses of the effects of seagrass characteristics on crab abundance to the Eastern region because there were higher numbers of juveniles in all 3 size classes (J1-J2, J3-J5, J6-J9) within this region, and seagrass species composition was similar between sites. We determined the effects of seagrass characteristics on J1-J2 and J3-J5 blue crab abundance with 2 separate 2-way ANCOVA models with Site (ORG, HAT, OCR) and Month (August, September, October) as factors, and average leaf length, seagrass biomass, and number of shoots as 3 separate covariates. The response variable of J6-J9 instars could not be considered independent from 1 mo to the next since the time to grow out of this size category is longer than one month (see intermolt periods in Table 3 ). Therefore, the analysis of the influence of seagrass characteristics on J6-J9 instars was conducted with a repeated measures ANCOVA model with replicates nested within Site as the experimental subject which was repeated over time, Month and Site as factors, and seagrass biomass, number of shoots, and mean leaf length as 3 separate covariates. Initially, the full ANCOVA models included all Main factor × Covariate interaction terms (Underwood 1981) ; however, these interaction terms were non-significant (all p > 0.07), and were therefore dropped from the final model.
Within the Point Harbor site, we examined the effects of SRV structure on J1-J2 and J3-J5 crab instars using two separate 1-way ANCOVA models, with Month (August, September, October) as the main factor and SRV biomass as a covariate. The J6-J9 stage was excluded from this analysis due to extremely low abundances. As above, the Main factor × Covariate interaction terms were non-significant (all p > 0.27), and were therefore dropped from the final models.
We examined the influence of SDH complexity on juvenile crab densities for J1-J2 and J3-J5 instars with 2 separate 2-way ANCOVA models with Site (MNH and ENG) and Month (September and October) as factors, and the displacement volume of SDH as the covariate. Again, J6-J9 individuals were not included in this analysis due to extremely low abundances. All Factor × Covariate interaction terms were non-significant (all p > 0.25), and were therefore dropped from the final models.
Settler-recruit relationships: We examined the relationship between J1-J2 instars (settlers) and successive J5 instars (recruits) for evidence of density-dependence. Our intent was not to measure continuous recruitment throughout the season, but instead to analyze the settler-recruit relationship by following distinct cohorts over time. We followed the fate of individual cohorts throughout the 3 mo sampling period by back-calculating time-since-settlement using interinstar molt intervals (Table 3) . For example, J1-J2 crabs collected in August settled between 0 and 16 d prior to our new moon sampling period (Fig. 2) . This window of settlement also corresponded with J5 instars collected in September, which would have settled between 30 and 46 d prior to our September sampling time (Fig. 2) . This method for back-calculating time-since-settlement was also applied to subsequent sampling dates relating J1-J2 densities in September with the subsequent density of J5 juveniles collected in October. Variable growth rates between laboratory and field conditions could alter our time-since-settlement estimates, and therefore our definition of a cohort. Epifanio et al. (1994) and Welch & Epifanio (1995) observed higher growth rates for crab larvae in field enclosures than in the laboratory. Similar growth differences may exist in juvenile crabs, causing a stage later than J5 to be matched up with J1-J2 in defining a cohort; however, our definition of a cohort was based upon the only available information on juvenile growth, and therefore represents the best possible estimate of a cohort.
The densities of J1-J2 and J5 were obtained from the habitat that contained the highest numbers of crabs within that site and month category, representing 'peak potential recruitment' (as described above in 'Spatiotemporal variation in abundance of recent settlers and early recruits'). To examine how the settlerrecruit relationship might vary over time, we examined inter-instar relationships between all sampling sites for 2 separate cohorts (Cohort 1: August J1-J2 and September J5; Cohort 2: September J1-J2 and October J5).
The relationship between settlers (J1-J2) and recruits (J5 of the following month) was examined by fitting a general functional response model (Real 1979 , Lipcius & Hines 1986 , Eggleston 1995 , as well as a linear regression model, to the data. We initially examined the data with a linearized adaptation of a functional response model derived by Real (1979) to determine whether the relationship between settlers and recruits was linear or non-linear. The model is:
where Y = density of J5 instars, X = density of J1-J2 instars, A = asymptotic density of J1-J2 instars, B = value of X at which Y = 0.5 (A), and β = the parameter associated with the form of the function. When β = 0, the slope is zero, when β = 1 the curve is hyperbolic, and β > 1 indicates the curve is sigmoid. Thus, a statistical test of the parameter β is also a test of the form of the relationship between J1-J2 settlers and J5 recruits (Lipcius & Hines 1986 , Eggleston 1995 . Estimates of β were tested against 0, 1, and 2 with 1 tailed t-tests. When a linear form described the relationship, linear least squares regression was fitted to the data. When both linear and hyperbolic regression models fit the data equally well, we chose the simpler linear model. In cases where the general functional response model identified a non-linear, hyperbolic relationship between J1-J2 and J5 crabs, we fit a hyperbolic function to the data. Separate analyses were conducted for each cohort. Within each of these series of analyses, one analysis focused on all sites, whereas a second analysis used only sites that did not appear to be influenced by substantial post-settlement immigration (i.e., the ratio J1-J2:J5 > 1). For the reduced analyses involving only those sites that demonstrated a ratio of J1-J2:J5 > 1, Point Harbor, Manns Harbor, Engelhard, and Swanquarter were removed for Cohort 1, whereas Engelhard and Swanquarter were dropped from the analysis of Cohort 2 (See 'Results: Settler-recruit relationships' below).
RESULTS

Environmental conditions
Water temperatures during the study period followed decreasing seasonal trends from August through October, with August values ranging from 26.5 to 31.5°C, and October temperatures ranging from 19 to 21°C. Salinity also decreased from August through October across most sampling stations. Exceptions to this trend were Manns Harbor, Engelhard, and Point Harbor, which showed an increase in salinity in September, most likely as a result of increased influx of oceanic water following Hurricane 'Fran'. Salinities varied as a function of region: Eastern region 7 to 27 ppt; Northern region 4 to 8 ppt; Western region 11 to 19 ppt; Southern region 5 to 18 ppt.
A total of 4 tropical cyclones passed within 210 km of the North Carolina CAPES between August 1 and October 31, 1996. Three were grouped within a 14 d period preceding our September sampling period: Hurricanes 'Edouard', 'Fran' and 'Hortense' (Fig. 2) . These 3 hurricanes had a general S/SE to N/NW storm track which influenced water levels from the southwestern to the northern portions of the CAPES. Tropical storm 'Josephine' occurred approximately 10 d prior to the October sampling period (Fig. 2) , and had a SW to NE storm track which influenced water levels primarily in the eastern and southern regions of the sound system. The net effect of all of these tropical cyclones was an increased volume of oceanic water into the CAPES (for further details see Eggleston et al. unpubl.) . 
Spatiotemporal variation in abundance of recent settlers and early recruits
The overall distribution and abundance of early juvenile blue crabs increased in the CAPES from August to September and October, 1996 (Figs. 3 & 4) . In general, the Oregon Inlet site consistently harbored the highest densities of early juvenile blue crabs, whereas crab densities at the other sites varied as a function of month and size class. J1-J2 instar blue crabs were collected consistently at the Eastern region stations throughout the recruitment period. Blue crab settlers were virtually nonexistent within the Northern, Western, and Southern regions in August. The spatial distribution of juveniles throughout the CAPES increased in September and October. Very high densities of J1-J2 blue crabs were found in Northern and Western regions in September, whereas moderate densities occurred within certain Northern and Western regions in October (Fig. 3) . The Southern region sites had extremely low densities of J1-J2 instars in all 3 mo (Fig. 3) . In terms of the J3-J5 size class, the Eastern region consistently had moderate to high densities of early juvenile blue crabs in all 3 mo, similar to the pattern observed for J1-J2 crabs (compare Figs. 3 & 4) . Densities of J3-J5 instars in August were essentially zero at Point Harbor, Swanquarter, Oriental, and Cedar Island, which was also similar to the pattern observed for J1-J2 instars in August (compare Figs. 3 & 4) . The distribution and abundance of early recruits increased during September and October. Densities of J3-J5 increased to very high levels at Northern and Western regions in September; these same regions contained moderate to high densities in October, with higher densities observed at Western than Northern regions (Fig. 4) . The Southern region (Table 4) (Oriental, Cedar Island) consistently harbored the lowest densities of J3-J5 throughout the recruitment season, similar to the pattern observed for J1-J2 instars (compare Figs. 3 & 4) .
The mean density of both J1-J2 and J3-J5 instars varied significantly according to Site and Month; however, a significant Site × Month interaction effect precluded contrasts across the main effects for both groups of instars (Table 4a ). Specific differences in juvenile densities between Sites as a function of Month are outlined for both size classes in Table 4b .
Habitat-specific abundance patterns
General habitat comparisons of crab abundance
The densities of recent settlers (J1-J2) and early juvenile recruits (J3-J5) were similar between complex benthic habitats (SG, SRV, SDH); however, the densities of both groups of instars were significantly higher in complex than unstructured benthic habitats (Table 5 , Ryan's Q-test; Fig. 5 ). The Month main effect and the Month × Habitat type interaction effect were non-significant for both size classes (Table 5) .
Comparisons of crab abundance between complex habitats within a site Engelhard was the only site where SG and SDH co-occurred, which allowed us to make comparisons of crab size-specific habitat use without the confounding effects of different sampling sites. The mean density of blue crab settlers (J1-J2) was similar between SG and SDH, as well as between September and October (Fig. 6a, Table 6a ). The Month × Habitat type interaction was non-significant (Table 6a ). The density of early recruits (J3-J5) varied significantly between seagrass and shallow detrital habitats; however, a significant Month × Habitat interaction precluded contrasts across the main effects (Fig. 6b, Table 6a ). In September, the densities of J3-J5 blue crabs did not differ between SG and SDH, whereas in October there were significantly more blue crabs in SG than SDH (Fig. 6b, Table 6b ). Habitat complexity
Seagrass
Although densities of blue crab settlers (J1-J2) varied according to seagrass characteristics, there was no relationship between the density of either J3-J5 or J6-J9 instars and seagrass habitat characteristics (Tables 7 & 8) . Densities of blue crab settlers (J1-J2) were significantly different between Sites and Months; however, a significant Site × Month interaction effect precluded general contrasts across the main effects (Fig. 3, Table 7a ). The interaction effect was due to monthly variations in the relative abundance of J1-J2 instars at Hatteras and Ocracoke Inlets; Oregon Inlet harbored the highest densities of settlers in all 3 mo (Fig. 3, Table 7b ). Although densities of blue crab settlers (J1-J2) were not associated significantly with seagrass biomass or the number of shoots, there was a significant relationship between the density of settlers and increasing length of seagrass leaves (Table 7a) . A subsequent regression analysis of J1-J2 on mean seagrass length, however, was not significant for all sites within the Eastern region (p = 0.38) due to variation in blue crab settler density within Site and Month treat- 1996) and Habitat type (SG and SDH) upon the mean numbers of (1) J1-J2 and (2) J3-J5 blue crabs instars per 1.67 m 2 at the Engelhard site (Fig. 6) ment combinations. Thus, we examined the relationship between settler density and seagrass leaf length separately for each Eastern region site, since Site had a statistically stronger influence on J1-J2 instar densities than Month (Table 7a ). This approach yielded a significant relationship between J1-J2 blue crabs and seagrass leaf length at Ocracoke and Hatteras Inlets, and an increasing trend, but non-significant relationship at Oregon Inlet (Fig. 7) . In terms of the J3-J5 instars, there was a significant Site × Month interaction effect that prevented contrasting the means of the significant main factors (Fig. 4, Table 7a ). The significant interaction effect was due to similar densities of J3-J5 crabs among stations within the Eastern region in September, in contrast to patterns in August and October when densities at Oregon Inlet were significantly higher than those at Hatteras and Ocracoke Inlets (Fig. 4, Table 7b ). J3-J5 blue crabs were not significantly influenced by seagrass characteristics (Table 7a) .
J6-J9 instars varied as a function of Month and Site, with higher mean densities at Oregon Inlet as compared to the other 2 Eastern region sites, and higher densities in September compared to August and October (Fig. 8, Table 8 ; Ryan's Q multiple comparisons tests). As with the early recruits, the densities of J6-J9 instars did not show a significant association with any of the seagrass characteristics that were quantified (Table 8) . There was also a non-significant Site × Month interaction effect (Table 8) .
SRV
Densities of J1-J2 instars within the SRV habitat at Point Harbor varied over Month (ANCOVA; F = 18.21, df = 2,14, p = 0.0001), with highest densities in September, significantly lower densities in October, and zero crabs collected in August ( Fig. 9 ; Ryan's Q multiple comparisons tests). Blue crab settlers were not significantly influenced by SRV biomass (ANCOVA; F = 0.13, df = 1,14, p = 0.7241). Similar to blue crab settlers, J3-J5 instars varied significantly by Month (ANCOVA; F = 119.56, df = 2,14, p = 0.0001), with highest densities in September, significantly lower densities in October, and zero crabs collected in August ( Fig. 9 ; Ryan's Q multiple comparisons tests). There was no significant relationship between early recruits and SRV biomass (ANCOVA; F = 0.31, df = 1,14, p = 0.5836).
SDH
Densities of J1-J2 instars within the SDH habitat differed significantly by Month as well as Site, but a significant Site × Month interaction prevented contrasting the main effects (Fig. 10a, Table 9a ). The interaction effect was due to higher densities of J1-J2 instars at Manns Harbor than Engelhard in September, and higher densities at Engelhard than Manns Harbor in October (Table 9b ). There was no significant relationship between J1-J2 density and SDH volume (Table 9a ). The J3-J5 size class demonstrated very similar results to those of the settlers. Densities within SDH varied significantly with Month; however, examination of the means was prevented by a significant Site × Month interaction effect (Fig. 10b, Table 9a ). The Site × Month interaction effect was due to similar densities of J3-J5 instars between Manns Harbor and Engelhard in September, and higher densities of crabs at Engelhard than Manns Harbor in October (Fig. 10b , Table 9b ). There was no significant relationship between densities of J3-J5 instars and SDH volume (Table 9a ).
Settler-recruit relationships
We did not try to measure continuous recruitment of juveniles throughout the season, but instead identified distinct cohorts which we were able to follow one month to the next, thus examining the relationship between settlers (J1-J2) and recruits (J5). One of the most striking patterns to emerge when examining spatial variation in the relationship between recent settlers and recruits (4 to 6 wk post-settlement) was evidence of post-settlement, planktonic dispersal. For example, recent settlers for Cohort 1 were found nearly exclusively in seagrass beds along the soundside of the Outer Banks, yet (with the exception of Cedar Island) J5 instars were collected throughout the CAPES the following month (Fig. 11a) . A similar pattern of substantially higher densities of J5 than J1-J2 instars was observed at the Western region (Engelhard, Swanquarter) for Cohort 2 (Fig. 11b) . Table 9 . Effects of shallow detrital habitat complexity (SDH volume), Site (MNH, ENG), and Month (September, October) on the mean numbers of (1) J1-J2 (log[x + 1]) and (2) J3-J5 (log[x + 1]) blue crab instars per 1.67 m 2 (Fig. 10) The settler (J1-J2)-recruit (J5) relationship was examined by regression analysis to assess the form of the relationship between these life history stages (Fig. 12) . Analysis of the form of the relationship (Eq. 1) for Cohort 1, with all sites included, indicated a linear relationship between August J1-J2 and September J5 with β (0.34) significantly different from 1 and 2, but not from 0. Thus, the linear model was chosen to describe the form of the settler-recruit relationship for Cohort 1 (Fig. 12a) . The analysis of Cohort 2 (September J1-J2 instars and October J5 instars), when all sites were included, yielded a β value of 0.48, which was not significantly different from 0 or 1, suggesting a linear or hyperbolic relationship. We chose the simpler linear model, which demonstrated a non-significant relationship between J1-J2 instars in September and J5 instars in October (Fig. 12b) . When sites that received substantial post-settlement immigration were eliminated from the regression analysis (i.e., removal of sites with ratio of settler:recruit <1) the form of the settler-recruit relationship for Cohort 1 was hyperbolic, with β (0.93) significantly different from 0 and 2, but not from 1 (Fig. 12c) . Similarly, when sites that received substantial post-settlement immigration were eliminated from the regression analysis for Cohort 2, the form of the relationship between September J1-J2 instars and October J5 instars was hyperbolic with β (0.59) significantly different from 0 and 2, but not from 1 (Fig. 12d) . The amount of variation in the densities of recruits that was explained by settler densities was greatly improved when sites with post-settlement immigration were removed from the analysis. For example, the amount of variation explained by the model for Cohort 1 increased from 0.52 to 0.97 (compare Fig. 12a,c) . By removing sites with post-settlement immigration, the settlerrecruit relationship within Cohort 2 shifted from a nonsignificant relationship to a significant relationship that explained a relatively high amount of variation (R 2 = 0.59) (compare Fig. 12b,d ). Our assessment of the settlerrecruit relationship varied depending upon the scale of observation. If examined on a regional scale with all sites included, we conclude that the relationship between these life history stages is density-independent, whereas if the influence of postsettlement planktonic immigration is removed, the relationship appears density-dependent. Thus, our interpretation of population regulation is largely scale-dependent.
DISCUSSION
Through large-scale field sampling using standardized techniques, we demonstrated that recruitment of early juvenile blue crabs was jointly influenced by 192 Fig. 12 . Settler-recruit relationships for (a) Cohort 1 (August J1-J2 and September J5 instars), (b) Cohort 2 (September J1-J2 and October J5 instars), (c) Cohort 1 in which data points were removed for sites that contained fewer J1-J2 than J5 instars (i.e., settler:recruit <1), and (d) Cohort 2 in which data points were removed for sites that contained settler:recruit <1. Each data point represents the mean for each site from the habitat which contained the highest crab densities. Regression lines are the best fitting functions (see text). Where the model was not significant, a line was not fit to the data. Note the different scales on both axes location within the CAPES, sampling month within the recruitment season (which was coupled with the passage of tropical cyclones; Fig. 2) , and the availability of complex nursery habitats. Our results suggest that the Eastern region, particularly Oregon Inlet, serves as a consistent initial recruitment site for early juvenile crabs for the entire CAPES, due to a favorable combination of close proximity to sources of postlarvae (inlets) and the presence of expansive seagrass beds. Nevertheless, the nursery capacity of the entire sound system may also expand during the passage of tropical cyclones due to a combination of enhanced postlarval delivery (Eggleston et al. unpubl.) , and post-settlement, planktonic dispersal to areas that do not normally receive settlers and early juveniles (this study), as well as the presence of alternative nursery habitats (SDH and SRV) located at inshore areas (this study). The ecological function of these alternative nursery habitats in terms of crab growth and survival, however, is unknown. Overall, distribution of early juvenile blue crabs within the CAPES appears to be largely determined by physical transport processes.
Spatiotemporal variation in abundance of recent settlers and early recruits
The general findings regarding the distribution and abundance of recent blue crab settlers and early recruits are: (1) the Eastern region, particularly Oregon Inlet, consistently received moderate to high recruitment of blue crabs; (2) Northern and Western regions were characterized by variable recruitment; and (3) the Southern region consistently harbored low abundances of settlers and recruits. These patterns suggest that recruitment is dependent upon the distance and orientation of an area from oceanic sources of postlarvae, as well as the time period within the recruitment season.
The overall intensity of blue crab recruitment throughout the season could be a reflection of the availability of megalopae in offshore waters and winddriven forcing events. The general patterns of early juvenile abundance closely paralleled those from a study of spatiotemporal variation in postlarval settlement conducted during the same recruitment season (Eggleston et al. unpubl.) . For example, both postlarval supply and early juvenile abundance were consistently high throughout the recruitment season at Eastern region stations, whereas high postlarval settlement and early juvenile abundance at inshore locations were dependent upon the passage of tropical cyclones (Eggleston et al. unpubl., this study) .
The distribution of juvenile recruitment, as well as the frequency of tropical cyclones (Fig. 2) , changed dramatically over the three months that crabs were sampled. The spatial distribution of juveniles throughout the CAPES increased in September and October (which contained tropical cyclones), which parallels the extension of postlarval settlement to inshore locations associated with tropical cyclone events (Eggleston et al. unpubl.) . Contrary to our expectations, early juvenile densities within the Northern and Western regions were moderate to high within alternative, structurally complex habitats such as shallow detritus and submersed rooted vascular plants. The impact of storm events varied between months; 3 hurricanes occurred within a 2 wk period prior to the September sampling period, whereas tropical storm 'Josephine' was the only major environmental forcing event, which occurred between the September and October sampling periods ( Fig. 2; see Eggleston et al. unpubl. for details) . The greater number and intensity of storms in September compared to October could explain why higher densities of juveniles were found throughout the Northern and Western regions in September, as compared to October, when more individuals were within the Western region. Since a decrease in turbulence evokes a behavioral response by megalopae of descent in the water column (Welch et al. 1999 ), we would not expect increased settlement along the sound side of the Outer Banks during storm events, but rather that megalopae would continue swimming and be transported further into the CAPES with the stormassociated water mass (Eggleston et al. unpubl.) . The propensity for megalopae to remain in the water column during a strong influx of oceanic water associated with the passage of tropical cyclones may explain why we did not see higher juvenile recruitment to the Eastern region during months with a high frequency of tropical cyclones.
Previous studies have documented the effects of storm-driven transport on (1) larval supply of fishes and crustaceans to shallow nursery habitats (Goodrich et al. 1989 , Shenker et al. 1993 , Eggleston et al. 1998b ; (2) the redistribution of juveniles within an estuarine system (Dorf & Powell 1997) ; and (3) fluctuations in year class strength (Matlock 1987) . Results from this study add to this body of information, giving a broad spatial view of how tropical cyclones can potentially influence spatiotemporal variability in recruitment patterns by increasing juvenile abundance in alternative estuarine nursery habitats in a shallow, lagoonal estuary.
Habitat-specific abundance patterns
The results from this study demonstrate that alternative, structurally complex habitats such as shallow detritus and the SRV species Myriophyllum spicatum harbor densities of early juvenile blue crabs that are similar to those in seagrass. Densities of both recent settlers and early recruit blue crabs were similar in all complex habitats (SRV, SDH, SG), and were significantly higher than crab densities observed in unstructured bottom. These 3 complex habitat types vary greatly in their general morphology and complexity, as well as the environmental conditions (e.g., salinity, energy regime) within which they occur. For example, seagrass is characteristically long and thin and, in North Carolina, was located in high salinity and moderate wave energy areas. SRV is tall and branching and was found in low salinity, low wave energy regimes. SDH is a low relief habitat with intricate crevices, and was associated with moderate salinity and a high energy regime along the western shore of Pamlico Sound. Although J1-J2 crab abundances were similar across alternative, structurally complex habitats, demographic rates may be habitat-specific. Therefore, further studies are needed to examine growth, survival, and dispersal rates within SRV and SDH to assess their nursery value in comparison with seagrass areas.
When densities of early juvenile blue crabs were compared between complex habitats within a single site, habitat use by juvenile blue crabs was size-specific. For example, although densities of J1-J2 instars in SDH were similar to those found in seagrass, the densities of J3-J5 were significantly higher in seagrass relative to SDH. This habitat-and size-specific change in abundance may have resulted from a variety of ecological processes including size-and habitat-specific predation-induced mortality or emigration. Similar size-specific patterns of habitat use were recognized with early juvenile blue crabs within the Chesapeake Bay, whereby a lack of settlers was found in marsh creek habitats in comparison to a peak in settlement in nearby seagrass beds, followed by a subsequent peak of later juveniles within marsh creek areas (Orth & van Montfrans 1987) . The ontogenetic habitat shift by early juvenile blue crabs from seagrass to marsh creek may have been due to relatively high predation on early setters within the marsh creek habitat or selective settlement into seagrass, followed by immigration into marsh creek areas at a larger size (Orth & van Montfrans 1987) . The mechanisms underlying the size-specific patterns of early juvenile habitat use within seagrass and shallow detritus within the CAPES observed in this study await further testing.
The density of numerous species of marine organisms increases with increasing habitat complexity (reviews in Heck & Orth 1980 , Orth et al. 1984 . This relationship has been attributed to reduced foraging success of predators with increasing habitat complexity (with a threshold level of complexity necessary before foraging success is significantly reduced) (review in Orth 1992), as well as micro-habitat preferences by prey organisms (Bell & Westoby 1986) . We therefore hypothesized that juvenile abundance would be positively correlated with measures of habitat complexity for each of the 3 structurally complex habitats (SG, SRV, SDH) quantified in this study. This was not the case for SRV biomass or SDH displacement volume, and only 1 of 3 measures of seagrass habitat complexity was positively correlated with crab density. A possible explanation for this lack of association with habitat complexity is that the SDH and SRV habitats were extremely intricate, providing an excess of refuge crevices and substantial structure inhibiting predatory capture.
The positive relationship between densities of J1-J2 crabs and the height of seagrass leaves may be attributed to the alteration of currents over seagrass beds as well as the increase in surface area of structure within the upper water column. The scale, geometry, and density of protruding structures determine the hydrodynamic properties of near-bed flows (Eckman 1983) . Longer seagrass leaf length could decrease current speeds, thereby causing increased passive deposition of postlarvae or active site selection based on smallscale changes in flow (Eckman 1979 , Peterson et al. 1984 . Longer leaf length could provide more surface area in the water column for postlarval crabs to cling to, as well as increasing the complexity of the habitat, thus potentially decreasing predation risk (Orth 1992) . The reasons for the lack of correlation between juvenile densities and seagrass biomass and number of shoots for all 3 size classes remain uncertain.
Settler-recruit relationships and post-settlement, planktonic dispersal
Spatial variation in settler-recruit densities for 2 separate cohorts of blue crabs during the 1996 recruitment season provided strong evidence that post-settlement juveniles were dispersing throughout the CAPES, most likely by planktonic transport. Furthermore, recent field mark-recapture and laboratory flume experiments have demonstrated conclusively that early juvenile blue crabs disperse planktonically and that this activity is due to an active behavioral response (Blackmon & Eggleston in press). It seems unlikely that early juveniles (J1-J5) dispersed from seagrass beds in the Eastern region to the Northern and Western regions of the CAPES (~50 km), by crawling along unstructured bottom, since (1) predation rates for this size class are significantly higher within unstructured bottom than vegetated habitats (Pile et al. 1996) , (2) very few indi-viduals are found within unstructured areas (this study, Orth & van Montfrans 1987 , Pile et al. 1996 ; Shirley & Wolcott 1991) . Furthermore, densities of J3-J5 instars on passive collectors within the Northern and Western regions were higher following storm events, as well as during strong south and southeasterly winds, than compared to the rest of the recruitment season (D.B.E. & L.L.E. unpubl. data), which suggests that J3-J5 instars disperse planktonically, particularly during storm events.
In the CAPES system, planktonic redistribution of juveniles appears to generally occur in an east to west direction, with early juveniles within the Eastern region emigrating to Western and Northern regions. This trend was most apparent with Cohort 1, where the only source of J1-J2 instar juveniles that would subsequently be collected as J5 individuals in Northern and Western regions occurred within the Eastern region. A similar transport scenario is suggested by Cohort 2, in which the highest densities of settlers (J1-J2) were found at Oregon Inlet, making these individuals the likely source of juvenile dispersers showing up as very high densities of J5 instars within the Western region. These patterns of redistribution suggest that, in addition to serving as a local source of juvenile blue crabs, seagrass beds along the sound-side of the Outer Banks may serve as a type of 'landing strip' for settling postlarvae, and as a regional 'source' area for post-settlement crabs that disperse via the water column.
Although our data demonstrates that post-settlement, planktonic dispersal is associated with storm events, the planktonic transport of early juveniles may be a consistent transport mechanism occurring during a variety of environmental scenarios, whereby juveniles disperse from the Eastern to the Northern and Western regions of the CAPES. Early juveniles may be exhibiting behavioral responses such as increased swimming to differing turbulence levels, salinity, temperature, time of day, or other factors which would enhance planktonic dispersal (Blackmon & Eggleston in press) . Around the inlets, tidal forcing as well as wind-driven currents likely serve as transport mechanisms, while wind-driven currents likely serve as the primary means of transport further within the estuary where tidal transport is absent. Post-settlement, planktonic dispersion may be enhanced during storm events since the influx of oceanic water could serve as a transport mechanism to inshore locations. Pile et al. (1996) hinted at the possibility of storminduced, planktonic transport of early juvenile blue crabs. They observed an increase in juvenile crabs (greater than the first instar) at a leeward site after Hurricane 'Danielle' passed close to the Chesapeake Bay, suggesting that these early benthic stages of blue crabs are either transported to, or select a low-energy habitat during storm events (Pile et al. 1996) . In a second example of this post-settlement dispersal phenomenon, a mass escape of stained juvenile blue crabs during a storm event in the Chesapeake Bay, and their subsequent retrieval on artificial settlement substrates 10 km up-estuary (Perkins-Visser et al. 1996) , also suggest that early juvenile blue crabs exhibit long-distance, water-column dispersal.
The form of the relationship between settlers and recruits over the broad scale of the CAPES system and for 2 individual cohorts was altered greatly by the influence of post-settlement, planktonic dispersal. When sites exhibiting high post-settlement immigration were removed from the analysis of the relationship between settlers and recruits, the settler-recruit relationship appeared density-dependent for 2 individual cohorts, in contrast to a linear or no relationship when post-settlement dispersal was not accounted for. Although the apparent density-dependent relationship may be driven by 1 to 2 data points at high densities of J1-J2 (Fig. 12c,d) , there is other evidence for density-dependence among juvenile blue crabs (Pile et al. 1996 , Eggleston 1998 , Kahn et al. 1998 ). For example, Pile et al. (1996) identified a density-dependent (hyperbolic) settler(J1)-recruit(J5) relationship in Chesapeake Bay and suggested that emigration was the mechanism underlying this relationship since densitydependent predation was not detected. Kahn et al. (1998) identified a similar density-dependent relationship among blue crab young-of-the-year (YOY; < 60 mm) and recruits (60 to 120 mm); however, they concluded that emigration was not a plausible source of the density-dependence due to the large scale of their study. Inter-cohort cannibalism has a strong influence in regulating juvenile blue crab dynamics (Dittel et al. 1995 , Moksnes et al. 1997 , and thus could be the driving force underlying densitydependent emigration as well as predation. Longdistance post-settlement dispersal could act as an additional mechanism enhancing the density-dependent relationship between settlers and recruits. This scenario would be expected within the Eastern region since it appears that the supply of juvenile planktonic dispersers are originating from this area. Within the Northern and Western regions, post-settlement dispersal could have the opposite effect, masking a densitydependent settler-recruit relationship due to the large abundance of recruits, leading to the incorrect assumption that the population was highly dependent upon recruitment of J1-J2 crabs. Recent work demonstrates that dispersal of marine and stream benthos involves more than initial colonization (recruitment) of substrate, and that this secondary planktonic dispersal may strongly influence local population and community dynamics (review by Palmer et al. 1996) . The role of dispersal has often been ignored or minimized in ecological studies, thus its impact on local population dynamics is most likely underestimated (Palmer et al. 1996) .
CONCLUSIONS
We propose a conceptual model in which, in the absence of tropical cyclones, seagrass beds behind the Outer Banks of North Carolina, USA serve as a type of 'landing strip' during the recruitment season, where blue crabs settle as megalopae and then are potentially transported via the water column as early juveniles, or disperse on the bottom as later-stage juveniles. Conversely, increased water levels associated with the passage of tropical cyclones may occasionally deliver postlarvae directly to alternative nursery habitats along the western shore of Pamlico Sound, as well as the mouth of Albemarle Sound (Eggleston et al. unpubl.) . Whether or not these alternative habitats act as episodic 'source' areas or conversely as 'sinks' due to disproportionately high post-settlement mortality remains unknown. More extensive research is needed to tease apart the relative influence of pre-and post-settlement processes, as well as the role of various alternative habitats, in the production of juvenile blue crabs within the Croatan-Albemarle-Pamlico Estuarine System in North Carolina.
By taking a large-scale approach to examining recruitment dynamics, we identified how our interpretation of blue crab population dynamics can vary substantially depending upon the scale of study. The broad spatial scale of examination allowed us to identify post-settlement, planktonic dispersal of the blue crab within the CAPES. This finding highlights the importance of dispersal, not only in determining initial colonization, but also in post-settlement redistribution, and further stresses the connectedness of sub-populations within marine systems. The form of the relationship between different life history stages varied in this study depending upon the scale of examination, suggesting that our interpretation of population regulation is largely scale-dependent. The broad spatial coverage of sampling illustrated that juvenile blue crab distribution patterns within the CAPES depended largely on physical transport processes, and thus, the climatic events occurring during the recruitment season. High juvenile blue crab abundance within multiple, complex benthic habitats suggests that juveniles exhibit behavioral plasticity in their use of a variety of benthic habitats. Overall, the results from this study highlight the need to examine recruitment processes over broad spatial scales to obtain a better understanding of recruitment dynamics of marine invertebrates with open populations.
